Intra-and inter-populational variations of Japanese dace Tribolodon hakonensis collected at three locations which were geographically distant from each other were examined with restriction fragment analysis of mitochondrial DNA (mtDNA). Twelve mtDNA types (Types I-XII) were discriminated and each type was population specific. Namely, Otsuchi Bay Population contained Types I to V, the Monobe River Population contained Types VI and VII, and Lake Biwa Population contained Types VIII to XII. The mean number of nucleotide differences per site within a population was estimated to be 0.07-0.23%, whereas interpopulational divergence was estimated to be 0.77-0.94%. The present study on mtDNA suggests that the three populations of T. hakonensis have been highly differentiated from each other.
INTRODUCTION
Mitochondrial genomes of animals are extrachromosomal, and composed of multicopies of a small and uniform molecule. Mitochondrial DNA (mtDNA) is maternally inherited (Hutchinson et al. 1974; Hayashi et al. 1978) , and its evolutionary rate is faster than (Brown et a1.1979) or close to that of nuclear DNA (Vawter and Brown 1986) . In any case, restriction fragment analysis of mtDNA provides detailed information as to the variations of nucleotide sequence, and has been applied to evolutionary studies in various mammals (Avise and Lansman 1983) . In fishes, mtDNA analyses have shown genetic relationships of related species, such as eels (Avise et a1.1986 ) and salmonid fishes (Wilson et al. 1985; Berg and Ferris 1984) , and have also revealed introgressive hybridization on sunfishes .
Previously, we examined four species of the genus Triboloclon (Cyprinidae) including T. hakonensis using allozyme markers, and found the possibility that the level of interpopulational divergence of T. hakonensis was remarkably high compared to the standard levels in vertebrates, although the levels of intrapopulational variability and of interspecific divergence were close to the standard levels in vertebrates (Hanzawa and Taniguchi 1982 a, b) .
In this work, restriction fragment analysis of mtDNA was applied to study intra-and inter-populational variability of T. hakonensis, and the results were compared with those obtained by the analysis of allozyme markers (Hanzawa and Taniguchi 1982 a) .
MATERIALS AND METHODS
Samples: T. hakonensis used were collected in Otsuchi Bay, Iwate Pref., the Monobe River, Kochi Pref., and Lake Biwa, Shiga Pref. (Fig. 1) . Numbers of individuals examined were 22, 20, and 20 as shown in Table 1 . Fish from Otsuchi Bay and the Monobe River were returned alive to our laboratory, which were used for mtDNA purification as soon as possible. Fish from Lake Biwa were frozen by dry ice and stocked at -80°C. mtDNA was prepared from white muscle, red muscle, and liver.
mtDNA purification: mtDNA was purified by the method reported previously (Yonekawa et al. 1980 (Yonekawa et al. , 1981 with slight modifications. Muscle (more than 5 g) was disrupted in a Waring blender and liver were minced with a scissors prior to homogenization.
The tissues were homogenized in 10 volumes of isotonic buffer (0.25 M sucrose, 10 mM EDTA,10 mM Tris-HCI, pH 7.5) per gram of tissue using Potter-Elvehjem homogenizer. Nuclei and debris were removed by centrifugation at 800 X g for 10 min. at 2°C, and then mitochondria were collected by centrifugation at 10,000 X g for 10 min. at 2°C. mtDNA was extracted by the SDS-phenol method. Yeast tRNA was used as the carrier of ethanol precipitation.
mtDNA was purified by the CsCI-ethidium bromide density-gradient centrifugation at 58,000 rpm for 5.5 hr (Hitachi, RPV-65T vertical rotor) at 20°C. The fractions containing closed circular (cc) and open circular (oc) forms of mtDNA were collected separately.
Restriction endonuclease digestion and gel electrophoresis: cc mtDNA was digested with each of the following 10 restriction endonucleases, BamHI, Bg1I, EcoRI, HindIII, HpaI, XbaI, AccI, AvaI, HaeII, and Hindu. Agarose slab gel electrophoresis (1% agarose containing 1 ig Jml ethidium bromide) was carried out, and the fragments of mtDNA were detected under UV irradiation (305 nm wave length).
Southern blot analysis: Nylon membranes (Pall Biodyne BNNG) was used in this experiment.
Blotting, prehybridization, hybridization and membrane washing were carried out according to the method recommended by the supplier. mtDNA used for probe was purified by two cycles of CsCI-ethidium bromide density gradient centrif ugations. mtDNA was labeled with 32P-dCTP by the method described by Feinberg and Vogelstein (1984) or the nick translation method.
Estimation of sequence divergence and phylogenetic analysis: Sequence divergence between pairs of mtDNA types were calculated by the method of Gotoh et al. (1979) . A dendrogram based on the sequence divergence was constructed by the unweighted pair grouping method (Sneath and Soka1,1973) . The net nucleotide differences between populations were calculated by the method of Nei and Li (1979) . Divergence time between populations was calculated based on the net nucleotide differences and substitution rate of 1.5 x 10_g (Gotoh et al. 1979 ).
RESULTS

Restriction morphs and size o f mtDNA
Restriction patterns of T. hakonensis were analysed with 10 restriction endonucleases, BglI, HindIII, BamHI, Hindu, AccI, AvaI, HaeII HpaI, EcoRI, XbaI. The patterns with each restriction enzyme are shown in Fig. 2 . Polymorphisms were found with the eight enzymes among individuals, and no heteroplasmy was observed. Numbers of restriction morphs were two in Bg1I, HindIII, and AvaI, three in BamHI and HaeII, and four in Hindu, AccI, and HpaI (Table 1 ). The frgment lengths of the mtDNA were determined with their mobilities relative to those of ADNA fragments.
We further constructed restriction maps in order to identify the common and different restriction sites between the morphs (Fig. 3) . Restriction sites ranging from one to nine per a morph (5.5 sites on average) were found on these maps. From the total of fragment length, the size of mtDNA of T. hakonensis is estimated to be 16.4 ± 0.6 kilobase pairs. This value is close to that of bluegill sunfish , salmonid fishes (Berg and Ferris 1984) , and skipjack tuna (Graves et al. 1984) .
Intra-and inter-populational variations
As shown in Table 1 , we found twelve mtDNA types, each having 47 to 53 sites, and designated them by Roman numbers. Types I to V wer9 observed only in Otsuchi Bay Population. Similarly, Types VI and VII, and Types VIII to XII were observed only in the Monobe River Population, and in Lake Biwa Population, respectively.
No type was shared by individuals collected at different locations. Thus, each mtDNA type was population specific. The frequencies of the types in each population varied greatly (Table 1 ). There was a major type in each population, such as Type I in Otsuchi Bay Population, VI in the Monobe River Population, and VIII in Lake Biwa Population.
The other types showed very low frequencies.
Analysis by UPG
Numbers of common and different sites between pairs of mtDNA types were totaled from the restriction maps (Fig. 3) , and the nucleotide sequence divergence was estimated by the method of Gotoh et al. (1979) as shown in Table 2 . A dendrogram based on the sequence divergence was further constructed in order to examine the relationships between the types (Fig. 4) . All of the types within each population formed the same clustering groups. But, only Type V in Otsuchi Bay Population was out of them.
Levels of intra-and inter-populational variability
As shown in Table 2 , the intrapopulational variability within Otsuchi Bay Population, the Monobe River Population, and Lake Biwa Population was estimated to be 0.17-1.42%, 0.38%, and 0.18-0.94%, respectively.
The maximum values in Otsuchi Bay and Lake Biwa Populations were very large, comparable to the extent of sequence divergence between populations (see below). The expected value for the sequence divergence between two individuals within a population was calculated from the estimated nucleotide divergence and the frequencies.
The expected variability withn Otsuchi Bay Population, the Monobe River Population, and Lake Biwa Population thus obtained was 0.21%, 0.07%, and, 0.23%, respectively.
Interpopulational divergence was estimated from sequence divergence between the types which each of those populations had. Sequence divergence between Types I-V and Types VI, VII was large, ranging 0.54-1.69% as shown in Table 2 Types VIII-XII, and between Types VI, VII and Types VIII-XII were 0.36-1.65%, and 0.55-1.39% respectively. The averaged divergence between Otsuchi Bay Population and the Monobe River Population and the Monobe River Population was calculated to be 0.77%, that between Otsuchi Bay Population and Lake Biwa Population was 0.91%, and that between the Monobe River Population and Lake Biwa Population was 0.94%. Considering the intrapopulational variability, we computed the net nucleotide differences between populations as suggested by Nei and Li (1979) . The net nucleotide differences between three pairs of populations above were 0.63%, 0.69%, and 0.79%, 
DISCUSSION
In this study on mtDNA of T. hakonensis, various types of mtDNA were observed within the samples populations (Table 1 ). There are two major possibilities which can explain this extensive variations of mtDNA. First is that the populations have undergone introgressive hybridization between other related species. Ferris et al. (1983) showed that this case had occurred in Mus musculus. However, our previous investigation using allozyme markers showed that there is no evidence to suggest introgression of other species of Tribolodon into the populations examined here (Hanzawa et al. 1984) . From morphological study, Kurawaka (1977) showed that no other species of Tribolodon was distributed in or near our sampling area. In addition, all species of this genus are rarely transplanted artificially from different waters because of their economical worthlessness.
Thus, the many mtDNA types we found may not de bue to the result of hybridization between related species.
The second possibility is that the populations of T. hakonensis are large in size enough to maintain many mtDNA types. This species is distributed from the upper stream to the coastal region of the sea in the same waters. Those fishes living in the fresh waters (non-migrating from) spawn in the stream near their habitats, but those living in the brackish waters or in the coastal regions (migrating from) migrate to the spawning ground within the fresh waters during a spawning season. The brakish waters and the coastal regions are broad and abundant in foods enough to maintain many individuals in comparison with the fresh waters. If the migrating form mates with the non-migrating form, the populations of this species may have a large number of breeding individuals.
We consider that the size of Otsuchi Bay and Lake Biwa Populations have been kept large for considerably long periods, while the Monobe River Population has undergone some bottle neck effects. This is based on the fact that the number of different types identified (Table 1 ) and the intrapopulational sequence divergence of mtDNA (Table 2) are small in the Monobe River Population compaired to those in Otsuchi Bay and Lake Biwa Populations. Our study on allozymic variations at 20 loci also supported this speculation, since polymorphism (excluding alleles at frequencies of less than 0.05) was found at a single locus in the Monobe River Population (Hanzawa et al, in preparation) .
Intrapopulational mean variablility of mtDNA in T. hakonensis was estimated to be 0.07-0.23%. In fish, there is few data as for the level of variability within a population derived from a single location. In mammals, Avise and Lansman (1983) reported that intrapopulational variability of pocket gophers was less than 1 %, and that of T, hakonensis is within this range.
Remarkable population specificity of mtDNA types was observed in the populations of T. hakonensis. This observation together with the dendrogram (Fig. 4) indicates that most of these types diverged after the separation of the three populations and these populations have not exchanged their mtDNAs. One remarkable exception is Type V, which appears to have diverged much earlier than the separation of the three populations and have remained in Otsuchi Bay Population for a considerably long period of time. Interpopulational mean divergence of mtDNA in T, hakonensis was estimated to be 0.77-0.94%. Avise and Lansman (1983) reported that mean divergence among geographic source of samples of mammals ranges from 0.4% to 4%, and that of T, hakonensis is within this range. However, these mammals were collected from distant locations, or even from different countries. Considering this, the interpopulational divergence of T. hakonensis in Japan appears large. In comparison with salmonid fish (Wilson et al. 1985) , the values of T. hakonensis were larger than or close to those between the land-locked type (rainbow trout) and the anadromous type (steelhead trout) of Salmo gairdneri (mostly less than 1 %).
The high degree of differentiation among mtDNA of the three populations in T, hakonensis is consistent with the results of allozyme markers. Namely, we examined 17 populations of T, hakonensis derived from Hokkaido to Kyush a using allozyme markers, and found that the levels of interpopulational divergence based on Nei's genetic distance was remarkably high compared to the standard levels of populations in vertebrates, although the levels of intrapopulational variability was close to the standard levels in vertebrates. We classified these populations into three local groups by the relationships based on genetic distance (Hanzawa and Taniguchi 1982a; Hanzawa et al. in preparation) . Each of the three populations in the present study belongs to one of these three local groups.
Fishes of these populations are so similar morphologically that their identification is difficult. But, the present results suggest that the ancestors of these three populations had been differentiated approximately 200,000-300,000 years ago and had been isolated from each other. This epock corresponds to the middle of diluvial epock when the Japanese islands had been strongly affected by ups and downs of the surface of the sea with vicissitudes of glaciers. It is likely that T, hakonensis had extended their distribution and had been isolated during this epock.
